The recent amendment of the Plant Variety Protection Law in Japan has extended plant breeders' rights to cover the harvested materials and manufactured products from a cultivar. The Government Quality Labeling Standards require proper food labeling, which includes cultivar names if they appear on the product label. To protect the breeder's right and ensure the proper labeling of wheat products, we have developed simple sequence repeat (SSR) markers from wheat expressed sequence tags (ESTs) to identify the wheat cultivars used in wheat products. From a total of 3,759 SSR sites found in the EST data base, PCR amplification was tested at 186 sites in 14 wheat cultivars. We also confirmed that the markers did not occur in other crops, and so can accurately identify wheat cultivars used in products blended with these crops. A total of 10 SSR sites were finally selected and their capacity to identify 41 Japanese cultivars and 17 USA, Australian, or Canadian cultivars was examined. These SSR markers are sufficient to distinguish the Japanese cultivars from foreign cultivars and to individually identify the major Japanese cultivars, such as Hokushin and Norin 61. The SSR markers can also determine the wheat cultivars used in processed foods.
Introduction
Common wheat (Triticum aestivum L.) is an important food crop in Japan. Traditionally, wheat had been used in noodles but when the Japanese diet diversified after World War II, wheat products such as bread, cake, and Chinese noodles became common foods. The original Japanese wheat cultivars were the soft type and were unsuitable for these nontraditional flour products. When Japanese wheat imports increased, the producers in the exporting countries specifically improved the wheat qualities to meet Japanese demands for flour products, even including traditional 'udon' noodles. Now, nearly 90% of the wheat consumed in Japan is imported. To increase the self-sufficiency of our agricultural production, the Japanese Government promotes wheat cultivation on lowland fields as a substitute for rice, which is currently overproduced. As wheat production increases, users demand domestic wheat with a grain quality similar to that of imported wheat. Wheat breeding at governmental agricultural research stations has been devoted to developing cultivars with grain qualities suited to Japanese noodles, Chinese noodles, bread, and soy sauce. Recently, a number of new cultivars have been released for various wheat products: Sanukinoyume 2000 for udon, Kitanokaori for bread and Tamaizumi for soy sauce. These new cultivars are replacing the old cultivars and, as a result, nearly 30 different cultivar names appeared in the wheat production statistics for the 2006 crop year.
Plant breeder's rights are granted to the breeder of a new cultivar in Japan under the Plant Variety Protection and Seed Law. Amendment of the law in 2005 has extended breeders' rights to include not only the propagation materials, such as seeds and seedlings, but also the harvested materials and products manufactured from the cultivar. The cultivar of a wheat plant under cultivation can be identified by the morphological characteristics of the plant, which are registered according to the Seed Law. However, a reliable cultivar identification method must be developed for wheat grain and manufactured products to protect breeders' rights from unauthorized product use.
An identification method is also required to ensure proper food labeling and thereby a fair trade in wheat products. All foods distributed in Japan must follow the Government Quality Labeling Standards. The labeling standards of processed foods do not require the cultivar name or production area of an ingredient crop to be indicated on the label. However, it has become common practice to voluntarily show such information on the labels of specific products made from a particular cultivar or produced from crops grown in a specific area, e.g., udon noodles 'made from Sanukinoyume 2000' or a loaf of bread 'using domestic wheat crops only'. Because specific products are popular in the marketplace, although their ingredients may be limited in availability or expensive, deceptive labeling of a product is often discovered and reported. Recently, the labeling standard systems have been revised to reinforce the penalties for violations of the labeling standards and to allow the system enforcement office to disclose the violators.
DNA-based analyses have a number of advantages in the identification of crop cultivars over methods using other biological substances. The DNA molecule is highly thermostable and even fragmented DNA can be analyzed with accuracy. The same DNA marker can be used to test any part of the cultivar plant, regardless of the plant growth stage. DNA extraction methods can be developed for most food products and the extracted DNAs are readily subjected to PCR amplification. The PCR method can detect a DNA marker site with great accuracy and sensitivity. By reducing the target size of the PCR amplification, the method becomes applicable to manufactured products in which DNA molecules are fragmented during processes such as boiling, baking, extraction, and fermentation.
A simple sequence repeat (SSR) is a valuable DNA marker in plants because of its abundance and high degree of polymorphism. SSR markers have been used for cultivar identification in crop species such as pear, quince, soybean, and durum wheat (Kimura et al. 2002 , Osono et al. 2003 , Yamamoto et al. 2004 , Perry 2004 . Recently, the identification of SSR marker sites from genomic DNA has become a simple and rapid procedure with the development of several new methods (Hamilton et al. 1999 , Zane et al. 2002 , Fukuoka et al. 2005 . If extensive sequence data are available, SSR markers can be developed automatically using the set of script programs 'read2Marker' (Fukuoka et al. 2005) . This program can identify SSR sites from extensive sequence data and simultaneously design pairs of PCR primers for the specific amplification of the SSR sites. Expressed sequence tags (ESTs) have become a valuable resource for developing SSR markers with advances in the large-scale sequencing projects (http://www.ncbi. nlm.nih.gov/ dbEST). Because anyone can readily obtain information on large numbers of ESTs, genomic library screening is not required (Gadaleta et al. 2007) .
In this study, we successfully developed EST-SSR markers for the analysis of processed foods made from wheat. We then assessed the ability of these markers to identify the 58 commercial cultivars in Japan and attempted to detect wheat cultivars in processed foods.
Materials and Methods

Plant materials and DNA extraction
In this study, 41 domestic wheat cultivars and 17 cultivars released in Australia, the USA, or Canada were used (Table 1) . Except for the Japanese cultivar Haruyokoi, donated by the Hokuren Agricultural Research Institute, stock seeds maintained at the National Agricultural Research Center for the Western Region were used for the analyses.
DNA was extracted from the grain using the cetyl trimethylammonium bromide (CTAB) protocol (Murray et al. 1980) 
Development and selection of SSR markers
We used the nucleotide sequences of UniGene (Triticum aestivum L.) from the NCBI web site (http://www.ncbi. nlm.nih.gov/Ftp). The read2Marker program (Fukuoka et al. 2005 ) was used to search for the SSRs and to design the primer pair for each SSR site. The search parameters were set to find SSRs with more than four repeats of mixed-repeat motifs or at least three repeats of a single-sequence unit. Primer pairs were designed to have T m values of 60-70°C, an optimal sequence length of 24 bp, and amplification products of 100-300 bp in length. PCR amplifications were performed to identify polymorphisms in 14 wheat cultivars: Chikugoizumi, Fukusayaka, Haruyokoi, Haruyutaka, Amplifications were performed in the GeneAmp 9700 thermal cycler (PerkinElmer Inc.) with cycling conditions of 9 min at 94°C; 35 cycles of 30 s at 72°C, 30 s at 60°C, and 30 s at 72°C; and a final extension for 7 min at 72°C. The PCR products were separated by electrophoresis in 3% agarose gel and visualized under a UV transilluminator after staining with ethidium bromide. For the SSR sites with no or poor PCR amplification, gradient PCR amplification with an annealing temperature ranging over 50-70°C was used to determine the appropriate primer annealing temperature.
To ensure that the selected SSR sites were wheat specific, five crop species were used in PCR amplifications: rice (Oryza sativa L. cv. Koshihikari, Nipponbare, Mochiminori), barley (Hordeum vulgare L. cv. Ichibanboshi, Mannenboshi, Kashimamugi, Skygolden, Daishimochi, Syunrai), soy bean (Glycine max L. Merr cv. Nishimusume, Akishirome, Tamahomare, Fukuyutaka, Enrei, Sachiyutaka), maize (Zea mays L., from the market), and buckwheat (Fagopyrum esculentum Moenchon, from the market).
Identification of 58 wheat cultivars
The SSR sites showing reliable PCR amplification and polymorphisms among the cultivars were used to identify 58 cultivars. The PCR primers for these sites were prepared and labeled with fluorescent chemicals (FAM, VIC, PET, or NED) and the PCR products were separated and detected using the 3130xl Genetic Analyzer (Applied Biosystems). The sizes of the amplified bands were calculated based on an internal standard DNA (GeneScan 500 LIZ, Applied Biosystems) using the GeneMapper software (Applied Biosystems).
Identification of wheat cultivars in processed foods
We used these SSR primers to identify the wheat cultivars in four processed foods sold in Japan: flour (made from Sanukinoyume 2000), a cookie (baked from domestic wheat), boiled udon (made from Chikugoizumi), and bread (baked from domestic wheat). The DNA was extracted from 1.0 g samples using the Genomic-tip 20/G and Genomic DNA Buffer Set, according to the manufacturer's manual, but twice the recommended volume of proteinase K was used. DNA was extracted from 2.0 g of boiled udon because its moisture content was higher than those of the other samples. PCR amplification and identification were performed as described above. The cultivars were identified using the MixAssort program (Yamashita et al. 2008) . This program lists all the cultivars based on the SSR product information for the cultivars. The combination of cultivars was identified if all SSR products of particular cultivars, possibly blended in the manufactured wheat products, were present in the results of the analyzed sample.
Results
Polymorphisms among cultivars and applicability as markers
The development of EST-SSR markers using the read2Marker program is summarized in Table 2 . A total of 3,759 SSR sites were found in 35,263 UniGene wheat sets (in September 2005). Among these 3,759 SSR sites, 1,104 were repeats of a single-sequence unit and the others comprised at least two different sequence units. Dinucleotide repeats were more frequent than trinucleotide repeats. A total of 12 dinucleotide motifs were found, of which the (AC) n repeat was most frequent (13.8%), followed by the (TC) n (13.6%) and (TA) n repeat (12.3%) (data not shown). There were 60 trinucleotide motifs, but more than half of these motifs occurred at a rate of 1% or less. The most frequent motif was the (CGC) n repeat, representing 12.1% of the entire repeats (data not shown).
The program indicated that for over 70% of these sites, a primer pair could be designed for PCR amplification. We selected 186 sites based on the condition that the number of repeats in a single sequence unit was eight or more, or that the total number of repeats combined over different sequence units was 11 or more. When the primer pairs for these sites were tested in PCR reactions with a T m of 60°C, 72 pairs produced no products and were therefore tested further with gradient PCR. Fragments of the expected lengths, deduced from sequence data, were amplified at 24 sites by optimizing the annealing temperature. Overall, PCR using the primer pairs designed with the read2Marker program amplified the distinct fragments at 138 of the 186 sites, and polymorphisms in the fragment lengths were observed at 71 sites among the 14 wheat cultivars. When the primer pairs at these 71 sites were tested using genomic DNAs from rice, barley, soy bean, maize, and buckwheat, 24 pairs produced no PCR products from any of these crops. Wheat flour is usually mixed with the floured products of these crops during the manufacture of specific products, such as tortilla, soba (buckwheat) noodles, and some pastries. Because these 24 primer pairs do not generate PCR amplification products in these crops, the PCR results can be easily interpreted in identifying wheat cultivars in manufactured products containing both wheat and other crops. We further selected 10 pairs that were capable of generating a distinct and stable single fragment (Fig. 1) . The EST-SSR information and the primer sequences of these 10 pairs are shown in Table 3 . The amplification length polymorphisms at these 10 SSR sites were investigated in 58 cultivars (Table 4 ). For most of the cultivars, the SSR products were identical among the three independently tested grains. However, a Japanese cultivar (Daichinominori) and two US cultivars (Tyee and Zak) showed different PCR results at one or three SSR sites in the three seed samples tested. We examined these cultivars at all 10 SSR sites using an additional six seed samples. This additional examination resulted in a single genotype for Tyee and Zak at all sites, but two genotypes at the TaSE37 site for Daichinominori, as was observed in the first three seed samples (Table in the Electronic Supplementary Material). Therefore, there appear to be within-cultivar variations at these sites in these three cultivars. The TaSE3 site showed the largest number of alleles (n = 11), ranging from 180 bp to 216 bp or no product, whereas TaSE92 and TaSE117 produced only two alleles.
A discrepancy in the PCR product sizes was found between the values generated by the read2Marker program based on the UniGene data and those estimated for the actual PCR products using a DNA sequencer at loci TaSE3, TaSE6, TaSE123, and TaSE149 (Table 3 and Table 4 ). A DNA homology search for the UniGene clones at the 10 SSR sites identified homologous EST accessions in the DDBJ database. The PCR product lengths at these sites, estimated from these EST accessions, were quite similar for those of the actual PCR products (Table 3) . We sequenced the PCR products of TaSE3, TaSE6, TaSE123, and TaSE149 and confirmed that a 60 bp sequence attached to the SSR site was missing in the UniGene clone sequences.
Identification of 58 cultivars
The 58 cultivars were characterized by 10 EST-SSR markers (Table 5 ). An alphabet letter was assigned to each allele at the 10 SSR sites (Table 4 ) and the combinations of alleles over the 10 sites are represented by 10 alphabet letters for each of the 58 cultivars (Table 5 ). There are six groups of cultivars with identical allele combinations, but they all contain either Japanese or USA cultivars. Therefore, all Japanese cultivars can be distinguished from those from other countries based on the 10 SSR markers developed in this study. Among the 41 Japanese cultivars, the identification of individual cultivar is possible for 26 cultivars and the rest of the cultivars can be distinguished as small groups of 2-4 cultivars. Some of the alleles appear only in Japanese cultivars or cultivars from other countries. The genotypes 'C', 'E', and 'F' at site TaSE3 are found only in Japanese cultivars, and in particular, 'C' appears only in Haruyokoi. Similarly, Norin 61 has the unique genotype 'A' at TaSE96. The genotype 'A' at TaSE92, 'B' and 'F' at TaSE123, and 'B' at TaSE151 are also specific to Japanese cultivars. The genotypes 'D', 'I', and 'J' at TaSE3 appear in only five foreign cultivars. The genotype 'D' at TaSE63 is found only in an Australian wheat cultivar. Three USA cultivars have their own genotype 'A' or 'E' at TaSE149.
Wheat cultivar identification in four processed foods
The wheat cultivars used for four processed foods were identified with the 10 EST-SSR markers (Table 6 ). The genotype of the flour was determined as 'FDBABCBECA', which indicates the Sanukinoyume 2000 cultivar. The genotype of the cookie was that of Hokushin (ADBAABBFDA) and the genotype of the boiled udon appeared to be that of Chikugoizumi (FDBCBCBDCA). The bread showed two products at seven EST-SSR sites. The bread seemed to be the product of a mixture of Chihokukomugi (ADBABBAFCA), Hokushin (ADBAABBFDA), and Haruyokoi (CDAABBBDCA) flours. Based on the fragment chart for the bread (Fig. 2) , the peaks corresponding to Chihokukomugi or Haruyokoi appear lower than those for Hokushin, suggesting that these two cultivar flours occurred in relatively small amounts in the flour mix. Unexpected products were also observed for the cookie at the TaSE 117 site, for the udon at the TaSE6, 37, 63, and 117 sites, and for the bread at the TaSE6 site.
Discussion Kobayashi et al. (2006) studied random amplified polymorphic DNA (RAPD) markers as DNA-based cultivar identification techniques for Japanese wheat cultivars. The objective of their study was to develop a simple and rapid molecular method to test possible seed contamination in the foundation seeds for the certified wheat seed production of the cultivars grown in the Kanto region of Japan. Among the 28 preliminarily selected RAPD primers, they discovered that 14 primers reproducibly produced 23 polymorphic products among 17 cultivars and that the combinations of the presence/absence of as few as six products could distinguish these 17 cultivars. The RAPD markers are quite useful in wheat cultivar identification when applied to wheat seed or plant analyses. However, this method has major drawbacks for the analysis of processed wheat products. Of the 23 reproducible RAPD bands, 12 bands exceeded 1,000 bp in length. These DNAs are too large to expect their reliable amplification from the fragmented DNA extracted from processed food products. The RAPD markers are biallelic and dominant at each locus. Therefore, when the wheat products from the blended flours of different cultivars are analyzed, it is necessary to examine relatively larger numbers of RAPD loci to ensure that the combination of the cultivars in the product is identified.
The SSR markers have several advantages over RAPD markers. The PCR target DNA containing repetitive TaSE3  11  180  184  187  190  194  196  198  200  214  216  -TaSE6  5  198  205  214  224  227  TaSE37  4  143  151  154  -TaSE63  4  230  261  263  267  TaSE92  2  293  305  TaSE96  4  295  313  315  317  TaSE117  2  166  172  TaSE123  7  258  267  282  285  288  291  297  TaSE149  5  204  210  212  214  216  TaSE151  3  173  175  177 A-J: These letters correspond to those in Table 5 .
-: No product. 
*, **, #, ##, $, $$: These cultivars were not mutually distinguishable. & Within-cultivar variations were observed at these SSR sites, and the marker was assigned for the most frequent product among the nine seed samples analyzed in this study (see text for details).
sequences can be designed to be short. Because of the highly variable nature of the sequence repeat numbers at a locus, several alleles are expected for each locus. For the same reason, the polymorphic SSR marker sites can be identified in silico using software such as read2Marker, if genomic or EST sequence information is available. In this study, we searched for di or trinucleotide motifs in 35,263 UniGene sets using the read2Marker program. Overall, 4,156 dinucleotide and 2,839 trinucleotide repeats were detected in 3,759 ESTs. Gupta et al. (2003) reported that the most frequent repeats were trinucleotide repeats (67.2%), with between one and seven repeated units, whereas 10.8% were dinucleotide repeats. Similar results were reported by Nicot et al. (2004) . In those studies, SSRs with a total length of at least 12 or 14 bp were compared, whereas we searched for a minimum of three repeats of a single dinucleotide unit. This suggests that numerous dinucleotide motifs are repeated less than six times in wheat EST sequences. We selected EST-SSR markers for wheat cultivar identification under two conditions: the size of the expected PCR amplification product was less than 300 bp and the marker was specific for the wheat genome. Tilly (2004) showed that the DNAs extracted from bread were a mixture of lowmolecular-weight DNAs. The maximum size of the PCR target must be designed to be less than the average molecular weight of these DNAs for successful PCR amplification. In our previous study, we confirmed that a PCR target size smaller than 300 bp was suitable for the detection of wheat DNAs that were extracted from wheat products that had undergone different types of processing (Fujita et al. 2006) .
Generally, EST-SSR markers are less polymorphic than genomic SSR markers (Cho et al. 2000 , Eujayl et al. 2002 , Thiel et al. 2003 , Torada et al. 2006 . However, Torada et al. (2006) reported that the rate of successful PCR amplification of fragments of the expected length derived from sequence data was higher for ESTs or gene data than for genome data. We selected 186 sites based on EST sequences and 38.2% of the sites showed polymorphisms in fragment length among the 14 cultivars. The rate of polymorphic sites was about the same as reported by Torada et al. (2006) . The same EST-SSR sites frequently exist among closely related plant species and have been used as a tool for comparative genomics (Rudd et al. 2003 , Gao et al. 2004 , Yu et al. 2004 . However, our results show that functional wheat-specific markers can be developed from EST information.
The set of 10 SSR markers developed in this study can distinguish major Japanese wheat cultivars, such as Hokushin, Norin 61, Sanukinoyume 2000, and Haruyokoi. The discrimination of Hokushin from the other cultivars is especially important for the Japanese wheat market. Hokushin is frequently used in processed foods because it accounts for over half the total wheat production in Japan.
The grain qualities of a wheat cultivar vary slightly between harvest years and locations, and with cultivation practices. For this reason, imported wheat brands are always prepared by blending several cultivars with different grain qualities to maintain consistent flour quality. Australian cultivars #42-#46 in Table 1 are always included in the 'Australian Standard White' brand used for Japanese noodles, and the USA cultivars #47-#55 are major ones in the American 'Western White' used for confectionery. AC Barrie and CDC Teal (#57 and #58, respectively) are common cultivars in the 'Canadian Western Red Spring' brand of wheat used for bread. The SSR markers developed in this study can differentiate an individual cultivar from Australia, the USA, or Canada from the domestic cultivars. The TaSE3, TaSE63, and TaSE149 markers also identify alleles that are present in the imported cultivars included in these brands but not in the Japanese cultivars. Therefore, the SSR markers can identify the imported wheat flours in processed foods if the amount 
* These cultivars showed the same genotype.
of blended imported flour is sufficient for PCR detection. This marker analysis can be used to test the product label 'made from domestic wheat only'. With the MixAssort program, the SSR markers can identify possible combinations of wheat cultivars used in processed foods (Table 6 ). However, several fragments were not identified by the program, except for the result of the flour. Because the size differences between the unsolved bands and the bands closest in size were not one or two core repeat lengths, the unsolved bands are unlikely to be stutter products of the SSR analysis (Walsh et al. 1996) . Perry (2004) reported polymorphisms within a cultivar in three of the 18 durum wheat cultivars tested. Norin 61 is the commonest Japanese wheat cultivar, which was registered in 1946, and has been produced in large areas of Japan. A recent study showed that three morphologically different types of this cultivar were present among the foundation stock seeds of Norin 61 collected from eight areas (Kobayashi et al. 2006) . Because Sanukinoyume 2000 was selected from the double haploid clones registered in 2003 and has been cultivated only in the Kagawa Prefecture, its genetic homogeneity and purity have been maintained. The other cultivars, Chikugoizumi, Chihokukomugi, Hokushin, and Haruyokoi, have been produced over a wide area. The unexpected fragments in our SSR analysis could be attributable to possible genetic differentiation within a traditional cultivar.
In Japan, promising wheat breeding lines developed by national agricultural stations are tested for their performance in each prefecture. The prefectural government then determines the lines that are recommended to farmers for cultivation in that prefecture. The breeding line is then registered as a cultivar, and each prefecture is responsible for maintaining and propagating the foundation seeds of the recommended wheat cultivars. When a breeding line of wheat is registered, the line may not be perfectly genetically homogeneous, especially in noncoding regions. Therefore, it is likely that slightly different genotypes segregate and are fixed by selfpollination during the long-term maintenance of the foundation stock seed. This results in genetic differences in the same wheat cultivar among the stock seeds, even within the same prefecture or among different prefectures. Unrecognized mutations also possibly occur during the maintenance of the foundation seed, and may be another source of variation in the SSR markers. Within-cultivar variations were detected in Daichinominori in this study. This cultivar was registered in 1989, and genetic segregation or possible mutation during long-term seed maintenance may have caused these SSR variations. To utilize DNA markers for wheat cultivar identification in practice, it is necessary to collect the foundation seed stocks of the wheat cultivar from the major producing prefectures, and to evaluate possible variations in the DNA markers among the stock seeds. However, although SSR marker variations were observed in the processed wheat products purchased in the market, and differed from those in the seed materials used in this study, the SSR markers developed in this study can be used to distinguish Japanese cultivars from foreign cultivars, and to individually identify the major Japanese cultivars, such as Hokushin and Norin 61.
